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INTRODUCTION
The nervous system, via an infl ammatory refl ex of the vagus nerve, has an important role in limiting infl ammatory responses, a concept referred to as the 'cholinergic anti-infl ammatory pathway'. [1] [2] [3] [4] This pathway provides the host with a powerful mechanism for counteracting excessive infl ammation in a very fast, discrete and localised way. Disruption of the vagus nerve by vagotomy exaggerated infl ammation in various animal models: vagotomy enhanced systemic tumour necrosis factor α (TNFα) production and accelerated shock development in the experimental endotoxaemia model in rats, 5 and enhanced the local and systemic infl ammation accompanying bacterial peritonitis 6 and cerulean-induced acute pancreatitis in mice. 7 Role of the cholinergic nervous system in rheumatoid arthritis: aggravation of arthritis in nicotinic acetylcholine receptor α7 subunit gene knockout mice Marjolein A van Maanen, 1 Susanne P Stoof, 1, 2 Gregory J LaRosa, 3, 4 Margriet J Vervoordeldonk, 1, 2 Paul P Tak 1 ▶ Additional data are published online only. To view these fi les please visit the journal online (http://ard.bmj.com).
On the other hand, electrical stimulation of the vagus nerve resulted in inhibition of infl ammation: it downregulated TNFα production and protected endotoxaemic rats from hypotension, 5 it inhibited the acute infl ammatory response to hypovolaemic haemorrhagic shock, 8 and diminished intestinal infl ammation during experimentally induced ileus in mice. 9 Acetylcholine (ACh), the principal neurotransmitter of the vagus nerve, is a key mediator of this cholinergic anti-infl ammatory pathway. ACh interacts with members of the nicotinic acetylcholine receptor (nAChR) family, and in particular the α7 subunit of nicotinic acetylcholine receptor (α7nAChR). Nicotine exerts anti-infl ammatory effects on macrophages that can be counteracted by selective α7 antagonists, 1 2 10 and selective nAChR agonists have proved effective in reducing macrophage cytokine production and infl ammation in animal models of pancreatitis, 7 experimentally induced ileus in mice 9 and improving survival in mice challenged with lipopolysaccharide. 11 12 Accordingly, electrical vagus stimulation in α7nAChR knockout (α7nAChR -/-) mice failed to reduce serum TNFα levels during endotoxaemia 10 and splenocytes, and peritoneal macrophages derived from these mice were shown to be insensitive to the cytokineinhibiting effects of cholinergic agonists. 10 13 It was recently shown that α7nAChR -/mice were not protected from renal ischaemia/reperfusion injury by nicotine pretreatment in comparison with successful pretreatment in littermate wild-type (WT) mice. 14 Moreover, another recent study showed that defi ciency of the α7 subunit is associated with an accelerated clearance of Escherichia coli after intraperitoneal infection, preceded by a faster recruitment of neutrophils. 15 Recently, we have demonstrated that the cholinergic anti-infl ammatory pathway has an important role in limiting infl ammatory responses in collageninduced arthritis (CIA), a well-known animal model of rheumatoid arthritis (RA). 16 Vagotomy aggravated, and oral administration and intraperitoneally injected nicotine ameliorated, clinical arthritis and bone degradation and reduced TNFα expression in synovial tissue. The effect of AR-R17779, a selective α7nAChR agonist, 17 ameliorated clinical signs and symptoms of arthritis and was more potent than nicotine. The reduction of arthritis was associated with delayed onset of the disease as well as a protective effect against joint destruction and a reduction of TNFα level in both serum and synovial tissue. Consistent with these results, group.bmj.com on November 28, 2011 -Published by ard.bmj.com Downloaded from electrical and pharmacological stimulation of the vagus nerve results in decreased carrageenan-induced paw infl ammation in rats. 18 Thereby, several studies have shown that the sympathetic nervous system has an anti-infl ammatory role in late arthritis. 19 The relevance for human RA is underlined by recent studies, showing the expression of the α7nAChR in the infl amed synovium of patients with RA. 20 21 CIA is restricted to mice bearing the major histocompatibility complex class II H-2 q or H-2 r , but not H-2 b , haplotypes. 22 23 Therefore, strains of mice on a C57BL/6 background (H-2 b ) have been thought to be resistant to CIA, and most of the genetically modifi ed strains of mice are on a C57BL/6 background. However, recently it has been demonstrated that C57BL/6 mice could be susceptible to CIA using chicken collagen type II (cCII). [24] [25] [26] This implies that the CIA model can be directly applied to strains defi cient in certain genes, which might be involved in the pathogenesis of RA. To provide more insight into the role of the α7nAChR in the pathogenesis of arthritis, we compared CIA in α7nAChR -/and wild-type (WT) mice and evaluated the clinical expression of the disease and the effects of the α7nAChR on the immune response in this model of RA.
MATERIALS AND METHODS Animals
Mice defi cient for the α7 subunit gene of the α7nAChR (α7nAChR -/-) 27 and WT littermates were bred on a C57BL/6 background by Charles River Diagnostics (Wilmington, Massachusetts, USA). Male and female mice about 10-12 weeks old were used for the experiments. They were housed under specifi c pathogen-free conditions at the animal facility of the Academic Medical Center/University of Amsterdam (Amsterdam, The Netherlands). Feeding was ad libitum. The Institutional Animal Care and Use Committee of the Academic Medical Center approved all experiments.
Induction and assessment of CIA
Mice were immunised with CIA as previously described. 24 Briefl y, cCII (Sigma Chemical Co, St Louis, Missouri, USA) was dissolved in 0.1 M acetic acid to a concentration of 2.0 mg/ml by overnight rotation at 4°C and mixed with an equal volume of Freund's complete adjuvant (2.5 mg/ml of Mycobacterium tuberculosis; Chondrex, Redmond, Washington, District of Columbia, USA). The mice were immunised intradermally at the base of the tail with 100 μl of emulsion on day 0. The same injection was repeated on day 20.
The severity of the arthritis was assessed using an established semiquantitative scoring system of 0-4 where 0=normal, 1=mild swelling, 2=moderate swelling, 3=swelling of all joints and 4=joint distortion and/or rigidity and dysfunction. 28 The cumulative score for all four paws of each mouse (maximum possible score 16) was used as the arthritis score to represent overall disease severity and progression in an animal. For the evaluation of incidence, mice were considered to have arthritis if the clinical arthritis score increased by at least one point for two consecutive days.
Study design and evaluation of arthritis activity
In study 1, we evaluated the role of α7nAChR in CIA using α7nAChR -/and WT mice (n=20 per group; 10 male, 10 female). Mice were killed on day 63 and hind paws and serum of all mice were used for further analysis. In study 2, CIA was performed in α7nAChR -/-(n=19; 5 male, 14 female) and WT mice (n=16; 5 male, 11 female) and mice were killed on day 44, which represents the more acute phase of the disease. Hind paws, serum and spleens were used for further analysis. In both studies mice were inspected three times a week for signs of arthritis by two independent observers who were not aware of the genetic background.
Radiological analysis
The knee joint of the hind paws was used for radiographic evaluation. Joint destruction was scored on a scale from 0 to 4, where 0=no damage, 1=demineralisation, 2=one or two erosions, 3=severe erosions and 4=complete destruction of the joints. The radiographs were scored by two independent observers (MAvM and DM Gerlag) in a blinded manner; minor differences in scoring between the observers were resolved by mutual agreement.
Histological analysis
Hind paws were fi xed for 24 h in 10% buffered formalin and decalcifi ed in 15% EDTA. The paws were then embedded in paraffi n, and serial 5 μm sagittal sections of whole hind paws were cut and stained with H&E. Three independent observers (MAvM, SPS and MJV) assessed the tissue for the degree of synovitis and cartilage degradation by microscopic evaluation, under blinded conditions, as described previously. 29 30 Synovitis and cartilage degradation in the knee joints were graded on a scale of 0 (no infl ammation) to 3 (severely infl amed joint) based on the extent of infi ltration by infl ammatory cells into the synovium. Sections were also stained with safranin O-fast green to determine depletion of proteoglycans. Safranin O staining was scored with a semiquantitative scoring system of 0 (no loss of proteoglycans) to 3 (complete loss of proteoglycans) in the knee joint. 29
Measurement of antigen-specifi c antibodies in serum
Serum levels of antibodies against cCII were measured by ELISA. A 96-well plate was coated with cCII (5 μg/ml; Chondrex) and incubated overnight at 4°C. Non-specifi c binding was blocked with phosphate-buffered saline containing 1% bovine serum albumin for 1 h at room temperature. Serial dilutions of standard (mouse anti-type II collagen IgG1 or IgG2a) antibody solution (10 ng/ml, Chondrex) and serum samples were incubated for 1 h at room temperature, followed by the addition of horseradish peroxidase-conjugated rat anti-mouse IgG1 or IgG2a (BD Biosciences, San Jose, California, USA). After 1 h of incubation at room temperature, tetramethylbenzidine substrate was added and the optical density at 450/540 nm was measured using a microplate reader.
Isolation and culture of splenic cell populations
In study 2, the spleen was extracted at the time of death and single-cell suspensions were prepared in complete medium (RPMI 1640 supplemented with 10% fetal calf serum). Splenocytes were cultured at 4×10 6 cells per well in duplicate, in the absence or presence of cCII (25 μg/ml) for 48 h. Supernatants were harvested.
Assays
Levels of TNFα, interleukin 6 (IL-6), monocyte chemoattractant protein 1 (MCP-1), IL-12 p70, interferon γ (IFNγ) and IL-10 in serum and supernatants of splenic cell cultures were determined using a commercially available cytometric bead array multiplex assay (BD Biosciences).
group.bmj.com on November 28, 2011 -Published by ard.bmj.com Downloaded from day 63 were evaluated. As seen in fi gure 2A,B, joint destruction was signifi cantly increased in α7nAChR -/mice (p<0.05). Next, cartilage degradation was assessed by safranin O-fast green staining, a method for detecting depletion of proteoglycans. Proteoglycan loss was signifi cantly higher in the knee joints of α7nAChR -/mice (p<0.05) (fi gure 2C).
In addition, analysis of synovial infl ammation was assessed by H&E staining of knee joints (fi gure 3A). Histological scoring showed a signifi cant increase in cartilage degradation in α7nAChR -/mice compared with WT mice (fi gure 3B) (p<0.05). Similarly, α7nAChR -/mice showed a non-signifi cant trend towards increased cellular infl ux into the synovium at day 63 (data not shown).
Increased incidence and aggravated severity of arthritis and synovial infl ammation in α7nAChR -/mice in the acute phase of the disease
In study 2, in order to investigate the effects of α7nAChR in the more acute phase of the disease, we killed all mice on day 44. Similar to the results in study 1, the clinical arthritis score was increased in α7nAChR -/mice compared with WT littermates (p<0.005) (fi gure 4A,B). In addition, α7nAChR -/mice showed an accelerated onset of disease and a signifi cantly higher disease incidence (p<0.05) (fi gure 4C). Synovial infl ammation was assessed by H&E staining of the knee joints. There was a significant increase in infl ammatory cell infi ltration in α7nAChR -/mice, killed in the acute phase of the disease (fi gure 4D) (p<0.05).
Increased serum levels of MCP-1 and TNFα in α7nAChR -/mice
To investigate the effect of the α7nAChR on systemic cytokine concentrations in the acute phase of the disease, we assessed serum levels of different proinfl ammatory cytokines
Statistical analysis
To evaluate the effects of α7nAChR, we determined the change in clinical arthritis scores in each mouse from day 20 until the end of the experiment. Areas under the curve for the change in arthritis scores were calculated. The signifi cance of the differences in mean changes in scores (clinical, radiological, histological and immunohistochemical) between groups was determined by the Mann-Whitney U test (SPSS version 12.0.2; SPSS, Chicago, Illinois, USA). Incidence was compared using Kaplan-Meier survival analysis (GraphPad Prism version 4.03; GraphPad Software, San Diego, California, USA). Cytokine levels were compared by Mann-Whitney U test. p Values <0.05 were considered statistically signifi cant.
RESULTS

Aggravation of clinical arthritis and increased incidence of disease in α7nAChR -/mice
In both studies we evaluated the role of α7nAChR in CIA. In agreement with the original description of these mice, 27 mice lacking the α7 subunit developed normally and showed no gross anatomical defects or any gross phenotypic abnormalities. In study 1, all mice were killed on day 63, the point at which arthritis has reached the chronic phase. An aggravation of clinical signs of arthritis was seen in the arthritic α7nAChR -/mice compared with arthritic WT mice (p<0.05) (fi gure 1A,B). In addition, α7nAChR -/mice showed an accelerated onset of disease and a signifi cantly higher disease incidence (p<0.05) (fi gure 1C).
Increased bone destruction and cartilage degradation in α7nAChR -/mice in the chronic phase of the disease
To examine the effects of α7nAChR on bone degradation, radiographs of knee joints obtained at the end of the experiment on Figure 1 Exacerbation of arthritis in α7 subunit of nicotinic acetylcholine receptor (α7nAChR)-defi cient (α7nAChR -/-) versus wild-type (WT) mice (n=20 per group). Arthritis was induced in mice by immunisation with type II collagen, and evaluated three times a week by two independent observers, under blinded conditions. (A) α7nAChR -/mice showed an increase in arthritis scores compared with WT mice. Only mice with arthritis are shown. (B) Area under the curve (AUC) (days 20-63) for arthritic mice was signifi cantly increased in α7nAChR -/mice versus WT mice. *p<0.05. (C) α7nAChR -/mice showed a signifi cant increase in disease incidence compared with the control group. *p<0.05.
group.bmj.com on November 28, 2011 -Published by ard.bmj.com Downloaded from by cytometric bead array multiplex assay. In the serum of α7nAChR -/mice killed on day 44 the levels of MCP-1 and TNFα were signifi cantly increased (p<0.05) (fi gure 5A,B). In addition, there was a non-signifi cant trend towards increased IL-6 serum levels in α7nAChR -/mice (data not shown). The serum levels of IL-12 p70, IFNγ and IL-10 were not significantly different between α7nAChR -/and WT mice (data not shown).
Enhanced T-helper cell 1 (Th1) response in α7nAChR -/mice
In study 2, we investigated the mechanisms underlying the severity of CIA. It has previously been shown that B-cell-defi cient mice are resistant to CIA, indicating that collagen-specifi c antibodies are crucial for disease induction. 31 Because the severity of CIA is refl ected by the switch from a Th1 to a Th2 response, 32 we measured the levels of IgG2a and IgG1 anti-CII antibodies in the serum, collected on day 44. The concentration of CIIspecifi c IgG1 antibody was similar in α7nAChR -/and WT mice, whereas the concentration of CII-specifi c IgG2a was increased in the α7nAChR -/mice. This resulted in a markedly increased IgG2a:IgG1 ratio (p<0.05) (fi gure 5C).
Since switching towards the IgG2a isotype is strongly associated with a typical Th1 response in mice, and some reports indicate that the spleen may have a critical role in exerting the anti-infl ammatory effects of the cholinergic pathway, 13 33 we analysed the antigen-specifi c production of Th1-associated cytokine IFNγ and the Th2-associated cytokine IL-10 by splenocytes. As shown in fi gure 6A, splenocytes from α7nAChR -/mice produced signifi cantly higher levels of IFNγ, whereas the level of IL-10 was not altered. Moreover, the production of the proinfl ammatory cytokines TNFα and IL-6, which both play a very important role in CIA, 34 35 was increased in splenocytes from α7nAChR -/mice (p<0.05) (fi gure 6B), whereas the production of IL-12 p70 and MCP-1 was not significantly different between splenocytes of α7nAChR -/mice and WT littermates (data not shown).
DISCUSSION
The results presented in this paper show that mice defi cient for α7nAChR develop a marked increase in clinical arthritis scores in both the acute and the chronic phase of the disease. This was accompanied by an increased incidence of arthritis, synovial infl ammation, joint destruction and elevated levels of systemic proinfl ammatory cytokines. Of interest, α7nAChR -/mice showed an enhanced collagen-specifi c 'Th1-associated' IgG2a response and increased Th1-cytokine production by splenocytes as determined by an in vitro assay. Taken together, these results strongly suggest a role for the cholinergic anti-infl ammatory level of IFNγ was signifi cantly increased in α7nAChR -/mice, whereas the level of IL-10 was not altered, resulting in a cytokine profi le more skewed towards a Th1 profi le.
Earlier reports have shown that stimulation or inhibition of α7nAChR particularly affects TNFα production in the spleen. 10 13 33 Since it has been hypothesised that the spleen is critical for the anti-infl ammatory function of the cholinergic pathway, 33 we investigated the antigen-specifi c production of TNFα by splenocytes from α7nAChR -/mice and WT littermates. In splenocytes of α7nAChR -/mice the production of TNFα was increased. This may in part explain the observed aggravation of arthritis because as in human RA, TNFα has a pivotal role in its pathogenesis. 38 39 Although the experiments shown in this paper were not designed to dissect the role of individual cell populations in the infl amed synovium, they clearly support the notion that the α7nAChR is intimately involved in the regulation of the infl ammatory response in arthritis. Several studies have shown that the α7nAChR is expressed by various immune cells, among which are monocytes, macrophages, T and B lymphocytes, dendritic cells. 40 Recent work has also shown that the α7nAChR is expressed in the infl amed synovium of patients with RA as well as by fi broblast-like synoviocytes in vitro. 20 21 It is likely that the lack of the α7nAChR in the synovium as well as other sites in the body contributes to the aggravation of arthritis in α7nAChR -/mice owing to non-response to endogenous ACh. An intriguing possibility is that the lack of the α7nAChR in the brain is also relevant, as a recent study has shown that inhibition of brain acetylcholinesterase activity suppresses systemic infl ammation through a central muscarinic receptor-mediated and vagaland α7nAChR-dependent mechanism. 41 This may imply that
Figure 6
Antigen-specifi c production of T helper cell 1 (Th1)-associated cytokine interferon γ (IFNγ) and the Th2-associated cytokine interleukin 10 (IL-10) by splenocytes of α7 subunit of nicotinic acetylcholine receptor defi cient (α7nAChR -/-) mice (n=19) and wild-type (WT) littermates (n=16), and the production of proinfl ammatory cytokines tumour necrosis factor α (TNFα) and IL-6. (A) The production of IFNγ by splenocytes of α7nAChR -/mice was signifi cantly higher than the production by WT splenocytes, whereas the level of IL-10 was not altered. (B) The production of TNFα and IL-6 by splenocytes of α7nAChR -/mice was signifi cantly higher than by splenocytes of WT mice. *p<0.05, **p<0.01. Mean±SEM is shown.
pathway in the development of arthritis, which is at least in part dependent on the α7nAChR.
Recent data from various animal models of infl ammation point towards the α7 subunit of the nAChR as a crucial player in cholinergic modulation of infl ammation. 7 12 36 37 Consistent with these results, we recently described for the fi rst time the role of the cholinergic anti-infl ammatory pathway in murine CIA using unilateral cervical vagotomy and treatment with an α7nAChR agonist. 16 In this study, we further investigated the role of cholinergic receptors in CIA using α7nAChR -/mice and their WT littermates. The objective of the study was to determine the role of the endogenous cholinergic anti-infl ammatory pathway, rather than the effect of exogenous stimulation of this mechanism, in the pathogenesis of CIA. Consistent with the anti-infl ammatory effect of activation of α7nAChR by a specifi c agonist, in α7nAChR -/mice, we observed a marked increase in clinical arthritis scores and synovial infl ammation compared with the WT littermates.
Because the effect on synovial infl ammation was more pronounced in the more acute phase of the disease, we further unravelled the underlying mechanism responsible for this anti-infl ammatory effect in α7nAChR -/mice killed on day 44. Measuring the level of CII-specifi c antibody titres in the serum, we found an increase in IgG2a antibodies in α7nAChR -/mice, resulting in an increased IgG2a/IgG1 ratio. This indicates that the α7 subunit can modulate the outcome of B-cell immunity against collagen type II. Because humoral responses induced under Th1 conditions are characterised by predominant production of IgG2a antibodies, we confi rmed the switch from Th2 to Th1 profi le by measuring the antigen-specifi c production of the Th1-associated cytokine IFNγ and the Th2-associated cytokine IL-10, produced by splenocytes after stimulation with cCII. The group.bmj.com on November 28, 2011 -Published by ard.bmj.com Downloaded from in α7nAChR -/mice this suppression is neutralised, whereas brain development is normal in α7nAChR -/mice. 42 Taken together, these fi ndings show that the absence of the α7nAchR is associated with aggravated arthritis in CIA. This observation supports the hypothesis that selective, peripherally acting α7nAchR agonists may have an anti-infl ammatory effect in arthritis. 16 
